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This study examined the physiological and biochemical
bases of the inhibition of photosynthesis by
trichloroacetic acid (TCA) in Phaseolus vulgaris L. and
Zea mays L., representing dicotyledonous and mono-
cotyledonous plants with C3 and C4 photosynthetic path-
ways respectively. TCA is a phytotoxic compound trans-
formed in the atmosphere from chloro-organic sub-
stances (C2-CHCs) present in solvents and cleaning
agents used in the metal and textile industry, as well as in
combustion products released from coal-fired power sta-
tions and biomass burning. Photosynthetic gas
exchange and fast chlorophyll fluorescence kinetics
were measured in 3-week-old plants exposed for 3 days
to TCA concentrations ranging from 0.05–3.20g TCA-Na
m–2. Photosynthetic inhibition by TCA was observed in
both species, this being greater at the highest level of
TCA supplied in Z. mays (85% decrease) than in P. vul-
garis (37% decrease), though at low levels of TCA sup-
plied some photosynthetic stimulation was also
observed in P. vulgaris. Analysis of Rubisco activity
revealed that TCA decreased the activation state of the
enzyme in both species, especially in Z. mays, a possible
consequence also of a measured decrease in stomatal
conductance. However, the decline in net CO2 assimila-
tion rate at saturating CO2 levels (Jmax) was also indicative
of a decrease in RuBP regeneration capacity. This osten-
sible mesophyll limitation was supported by chlorophyll
fluorescence measurements, which indicated a disrup-
tion of electron transport in photosystem II (PS II) reac-
tion centres requisite for effective RuBP regeneration. It
is concluded that increased emission of C2-CHCs by
industry and veld-fire catastrophes pose a threat particu-
lar to grain production by monocotyledonous crops
especially in southern Africa which is experiencing
greater food demands from a rapidly expanding popula-
tion.
Abbreviations: Γ = CO2 compensation concentration, A = net
CO2-assimilation rate at ambient atmospheric CO2-concen-
tration (Ca), Jmax = net CO2-assimilation rate at saturating
intercellular CO2-concentration (Ci), C2-CHCs = C2-chlorohy-
drocarbons, CE = Carboxylation efficiency, CHCl3 = chloro-
form, DF = Total driving force for photosynthesis, E = tran-
spiration, fw = fresh weight, GS = Stomatal conductance, kP
= Photochemical rate constant, kN = Non-photochemical rate
constant, l = Relative stomatal limitation of photosynthesis,
LSU = Rubisco large sub-unit, PIABS = performance index,
PSII = Photosystem II, ϕPo = Maximum yield of primary pho-
tochemistry, QA = Primary quinone acceptor, RuBP =
Ribulose-1,5-bisphosphate, TCA = trichloroacetic acid,
TECE = C2Cl4 = tetrachlorethene, tetrachloroethylene
In addition to phytotoxic air pollutants such as NOx, ozone
and SO2, an increasingly important role is being played glob-
ally by highly volatile C2-chlorohydrocarbons (C2-CHCs) in
the degradation of natural vegetation and reduction in crop
yield (Weissflog et al. 2001).
Due to continued industrialisation, increasing use of the
C2-CHC tetrachloroethene (TECE) and trichloroethene
(TCE) as solvents and cleaning agents in the metal and tex-
tile industry, leads to the accumulation of these chloro-
organic substances in the atmosphere (Midgeley and
McCulloch 1999). According to Fischer et al. (1982) and
Pearson (1982), 90–100% of the TECE produced escapes
into the environment. Alternative sources of these sub-
stances are combustion processes such as coal-fired power
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stations emitting TECE (Garcia et al. 1992), and biomass
burning responsible for the emission of 4–30Gg yr–1 TCE
globally (Rudolph et al. 1995, 2000). Further sources of C2-
CHC pollutants are discussed by Weissflog et al. (2004).
When transported through the atmosphere, these com-
pounds are exposed to oxidative, photolytic and hydrolytic
processes, which alter their original structure and thus their
chemical and physical properties, as well as their potential
phytotoxicity. Increased urban activities and veld-fire catas-
trophes increase the oxidation potential of the atmosphere
which leads to an increase in atmogenically produced TCA
in the regions on the lee side of the emitting source. Franklin
(1994) and Sidebottom and Franklin (1996) indicated that
one important tropospheric chemical breakdown pathway of
TECE in the planetary boundary layer, is oxidation by Cl–,
OH– and O2H–radicals respectively to form TCA. The world-
wide occurrence of TCA, including the industrialised areas of
South Africa, is reported on by Weissflog et al. (2001, 2003).
Strauss (2002) demonstrated that an inverse correlation
existed between the TCA content and the vitality of pine nee-
dles sampled over an air-pollution gradient which included a
part of the Vaal Triangle, a so-called ‘hot spot’ of anthro-
pogenic air pollution in South Africa.
In the 1950s TCA was used in agriculture at an application
level of 15–30kg TCA ha–1 as herbicide against monocotyle-
donous grasses (Brian 1976). Barrens and Hummer (1951),
Zöttl (1953), Foy (1969) and Matolcsy et al. (1988) published
some information on the phytotoxic properties of TCA. They
inter alia pointed out that low concentrations of TCA caused
accelerated growth. Frank et al. (1992) reported that the
EC50 and EC10 values for bean-cell suspensions are 600 and
200µmol TCA l–1 respectively. Govindjee et al. (1997) con-
ducted an in vitro investigation using spinach thylakoids to
characterise the effect of chloroacetates on photosystem II
(PSII) function. They found that these compounds, especial-
ly TCA, inhibit electron flow between QA and QB(QB–).
Photosynthesis is the principal process exploiting solar
energy for biosynthesis and primary production, thus avoid-
ing damage to the photosynthetic apparatus must be one of
the main goals in environmental sciences (Brack and Franck
1998). The aim of the present investigation therefore was to
study the physiological and biochemical basis of the inhibi-
tion of photosynthesis by TCA on the whole-plant level in
Phaseolus vulgaris L. and Zea mays L., representing a C3
dicotyledonous and a C4 monocotyledonous plant, respec-
tively. To achieve this aim TCA-induced constraints on pho-
tosynthesis of intact test plants were investigated under
strictly controlled conditions employing (1) infra-red gas
analysis to be able to discriminate between stomatal and
mesophyll limitation of photosynthesis, and (2) chlorophyll
induction kinetics (JIP test) which is a powerful non-invasive
tool to shed light on the mode of action of xenobiotics on the
primary processes of photosynthesis. In addition, in vitro
analyses of Rubisco activity, the primary enzyme in CO2-
assimilation, were carried out.
Materials and Methods
Experimental plants and treatment
Phaseolus vulgaris L. and Zea mays L. were used as exper-
imental plants, representing C3- and C4-crop plants, respec-
tively, to study the biochemical effect of TCA pollution.
Seeds of both species were obtained from the Agricultural
Research Council, Potchefstroom.
The experiments were conducted under controlled condi-
tions in growth chambers (Conviron PGW 36, Controlled
Environment Ltd, Winnipeg, MB, Canada R3H 0R9) with suf-
ficient incandescent light bulbs (General Electric,
Neodynium R80, 100W) and fluorescent lamps (General
Electric, Cool White, 150W) to maintain light intensities as
high as 1 300µmol photons m–2 s–1 at 1m distance. Seeds of
each species were planted in pots containing sterile sand
and watered daily with 250ml of distilled water. The plants
were subjected to a 15h/9h day/night period at 23°C/20°C.
The CO2-level was kept constant at the normal atmospheric
value of 350µmol mol–1.
After a period of two weeks the number of plants in each
pot was reduced to three. Complete Hoagland’s nutrient
solution (250ml) was administered to each pot every third
day onwards. The different treatments were initialised at this
point in time.
TCA was administered as sodium salt solution at different
concentrations to the growth medium of the test plants. The
concentrations applied were 0.05, 0.20, 0.80 and 3.20g
TCA-Na m–2. Investigations conducted by Weissflog et al.
(2000) employed a concentration of 6.0g TCA-Na m–2 in the
soil of large perennial trees like pines and birch, with clear
visual effects within four months of treatment. Thus lower
concentrations were used in these experiments, since the
treatments were administered to smaller, annual crop plants.
A higher level of 3.20g TCA-Na per m2 was also used to con-
firm that very high concentrations have a definite and dras-
tic effect on the plants. The control pots received no TCA-
Na.
The surface area of the soil in the pots was determined
and used to calculate the TCA-Na dosage for each treat-
ment. The TCA-salt was dissolved in 100ml distilled water
before it was applied to the soil. The TCA-Na was adminis-
tered only once.
Photosynthetic gas exchange
CO2 gas exchange was measured three days after TCA-
treatment with an open circuit infra-red gas analysis system
(CIRAS-1, PP-systems, Hertz, UK) on four plants of each
TCA-Na-treatment. All measurements were conducted at a
leaf temperature of 23°C. A 2.5cm2 section of leaflet was
clamped in a software-controlled broad leaf cuvette with
built-in light and temperature control. Humidity in the
cuvette was maintained close to ambient conditions.
Irradiance during measurements was 1 200µmol m–2 s–1 to
ensure full activation of Rubisco (Taylor and Terry 1984).
For each external CO2 concentration (Ca) the ratio of CO2
assimilation rate (A) to intercellular CO2 concentration (Ci)
was automatically recorded. By increasing Ca at 5min inter-
vals from 0–2 000µmol mol–1, A:Ci-response curves were
generated. The initial slope of the demand function (δA/δCi)
was computed by linear regression analysis. All other cal-
culations were done according to Farquhar and Sharkey
(1982) and Chaves (1991). Relative stomatal limitation (l )
was calculated as the difference between the photosynthet-
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ic rate when Ci = 350µmol mol–1 (A0), and the actual rate at
Ca = 350µmol mol–1 (A), expressed as a percentage of A0.
Rubisco activity and protein content
Three days after the TCA-Na-treatment, 3.14cm2 leaf discs
were collected with a freeze clamp (cooled in liquid nitrogen)
from the youngest fully expanded leaf of five control- and
five TCA-Na-treated plants of both species. Sampling
occurred 5h after the onset of the light period at a light inten-
sity of ±1 000µmol m–2 s–1. All leaf discs were stored at
–80°C for a maximum of two weeks.
Initial Rubisco activity was measured according to the
method of Keys and Parry (1990). Initial activity is the activ-
ity of the enzyme under the growth conditions at the time of
sampling without prior in vitro activation with bicarbonate.
Each leaf disc was ground to a fine powder with liquid nitro-
gen in a pre-cooled mortar and rapidly extracted with 0.8ml
ice-cold extraction buffer containing 100mM Bicine-NaOH
(pH 8.0), 20mM MgCl2, 50mM β-mercaptoethanol, 5mM
phenylmethylsulfonyl fluoride (PMSF) and 30mg insoluble
polyvinylpolypyrrolidone (PVPP). The crude extract was
centrifuged at 10 000 x g at 4°C for 1min. Clarified super-
natant (25µl) was immediately used for the measurement of
initial Rubisco activity in reaction mixture (0.5ml) containing
100mM Bicine-NaOH (pH 8.2), 20mM MgCl2, 10mM
NaH14CO3 (0.5µCi µmol–1) and 400µM ribulose-1,5-bisphos-
phate (RuBP). After 1min the reaction was terminated by
addition of 0.2ml 10M formic acid. Acidified samples were
evaporated to dryness in an oven at 60°C. After addition of
3.5ml scintillation cocktail to each vial, the 14C incorporated
into 3-phosphoglycerate were determined by liquid scintilla-
tion spectrometry. Total chlorophyll content of leaf samples
were determined according to the method of Wintermans
and De Mots (1965).
For the quantification of Rubisco protein content leaf
discs were extracted with 3ml extraction buffer containing
50mM Tris-HCl (pH 6.8), 1mM EDTA, 3mM DTT, 6mM
PMSF and 30mg insoluble PVPP. The crude extract was
centrifuged at 10 000 x g at 4°C for 15min. The soluble-pro-
tein content of the supernatant was determined according
to the method of Bradford (1976). Proteins (4µg) were sep-
arated by SDS-PAGE at 200V at 4°C for 75min. After sepa-
ration, proteins were transferred to a PVDF-membrane. The
blotted membrane was blocked and probed with primary
antibody specific to the Rubisco large subunit (LSU) fol-
lowed by horseradish peroxidase-conjugated anti-rabbit
secondary antibody. The signal was developed by chemilu-
minescence (BM Chemiluminescence Western Blotting Kit,
Roche Molecular Biochemicals, Mannheim, Germany).
Data analysis of Western blots was done with a Syngene
Genius Bio Imaging System (Syngene, Cambridge CB4
1TF, UK).
Fast chlorophyll fluorescence kinetics
Three days after the TCA-Na-treatment, fluorescence induc-
tion curves of 4 control- and TCA-treated plants were record-
ed with a fluorimeter (PEA, Hansatech Instruments,
Kingslyn, UK). Measurements were conducted predawn 1h
prior to the start of the following light period. Each fluores-
cence induction curve was analysed according to the JIP-
test (Strasser and Strasser 1995). The following data from
the original measurements were used: the maximal fluores-
cence intensity, FP, equal to FM since the excitation intensity
was high enough to ensure the closure of all reaction cen-
tres (RCs) of PSII; the fluorescence intensity at 50µs con-
sidered as the intensity F0 when all RCs are open; the fluo-
rescence intensity at 300µs (F300µs) required for the calcula-
tion of the initial slope M0 = (dV/dt)0 ≅ (δV/δt)0 of the relative
variable fluorescence (V) kinetics and the fluorescence
intensity at 2ms (J step) denoted as FJ.
The JIP-test represents a translation of the original data to
biophysical parameters (for the conceptual approach and
analytical derivation see Krüger et al. 1997 and Van
Heerden et al. 2003). The average value of each of these
parameters for all pre-dawn measurements was calculated.
The parameters which all refer to time zero (start of fluores-
cence induction) are: (a) the specific energy fluxes (per
reaction centre, RC) for absorption (ABS/RC), trapping
(TR0/RC), electron transport (ET0/RC) and dissipation at the
level of the antenna chlorophylls (DI0/RC); (b) the flux ratios
or yields, i.e. the maximum quantum yield of primary photo-
chemistry (ϕPo = TR0/ABS = FV/FM), the efficiency with which
a trapped exciton, having triggered the reduction of QA to
QA–, can move an electron further than QA– into the electron
transport chain (ψ0 = ET0/TR0), the quantum yield of electron
transport (ϕEo = ET0/ABS = ϕPo • ψ0) and the quantum yield
of dissipation (ϕDo = DI0/ABS = 1 – ϕPo); (c) the phenomeno-
logical energy fluxes (per excited cross section, CS) for
absorption (ABS/CS), trapping (TR0/CS), electron transport
(ET0/CS) and dissipation (DI0/CS); (d) the fraction of active
PS II-reaction centres per total absorption (RC/ABS) and per
excited cross section (RC/CS).
The initial stage of photosynthetic activity of a RC-complex
is regulated by three functional steps namely absorption
events of light energy (ABS), trapping of excitation energy
(TR) and conversion of excitation energy to electron trans-
port (ET). Recently a multi-parametric expression of these
independent steps contributing to photosynthesis, the per-
formance index (PIABS), was introduced (Strasser et al. 1999,
Tsimilli-Michael et al. 2000):
where γ is the fraction of reaction centre chlorophyll (ChlRC)
per total chlorophyll (ChlRC + Antenna). Therefore γ/(1 – γ) =
ChlRC/ChlAntenna = RC/ABS. This expression can be deconvo-
luted into two JIP-test parameters and estimated from the
original fluorescence signals as RC/ABS = RC/TR0 •
TR0/ABS = [(F2ms – F50µs)/4(F300µs – F50µs)] • FV/FM. The factor
4 is used to express the initial fluorescence rise per 1ms.
The expression RC/ABS shows the contribution to the PIABS
due to the RC-density on a chlorophyll basis. The contribu-
tion of the light reactions for primary photochemistry are
estimated according to the JIP-test as (ϕPo/(1 – ϕPo)) =
TR0/DI0 = kP/kN = FV/FM. The contribution of the dark reac-
tions are derived as (ψ0/1 – ψ0)) = ET0/(TR0 – ET0) = (FM –
F2ms)/(F2ms – F50µs).
According to the definition, the performance index is a
South African Journal of Botany 2004, 70: 751–759
PIABS =
γ ϕPo ψo
1–γ 1–ϕPo 1–ψo••
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product of expressions of the form [pi/(1 – pi)], where the pi
(i = 1, 2, …, n) stand for probabilities or fractions. Such
expressions are well known in chemistry, with pi represent-
ing e.g. the fraction of the reduced and (1 – pi) the fraction
of the oxidised form of a compound, in which case log(pi/(1
– pi)) expresses the potential or driving force for the corre-
sponding oxido-reduction reaction (Nernst equation).
Extrapolating this inference from chemistry, the log (PIABS)
can be defined as the total driving force (DFABS) for photo-
synthesis of the observed system, created by summing the
partial driving forces for each of the several energy bifurca-
tions (at the onset of the fluorescence rise O-J-I-P): 
Statistical analyses
Significant differences between the means of different treat-
ments were determined by analysis of variance, using
Student’s t-test of honest significant difference.
Results and Discussion
Photosynthetic gas exchange
The A:Ci-response curves obtained for the different TCA-
treatments not only show the effect of TCA concentration on
photosynthetic gas exchange, but also illustrate the differ-
ence in gas-exchange kinetics between C3 (P. vulgaris) and
C4 (Z. mays) plants. The CO2-assimilation capacity (A) of the
C3-plant has a higher dependency on CO2-supply (Ci) and
has a lower carboxylation efficiency (CE) (shallower initial
slope of the A:Ci-response curve) with a concomitant higher
CO2-compensation concentration of c. 60µmol mol–1 (Figure
1a). In contrast to the C3-plant, the C4-plant is less depend-
ent on CO2-supply, has a much higher CE (steeper initial
slope) with a concomitant lower CO2-compensation concen-
tration of less than 10µmol mol–1 (Figure 1b). Even superfi-
cially viewed Figure 1 indicates that TCA-Na, at all levels
used, inhibited CO2-assimilation to a larger extent in Z. mays
than in P. vulgaris. Figure 2 compares the effect of TCA-Na
at different concentrations on various A:Ci-response curve-
derived photosynthetic gas exchange parameters of P. vul-
garis and Z. mays. At all TCA-Na-concentrations used the
CO2-assimilation capacity (A) of Z. mays was impaired to a
higher degree than in P. vulgaris. At the highest TCA-Na-
level used, the reduction in A was 85% in Z. mays, compared
to 39% in P. vulgaris (Figure 2a). The concomitant decrease
in CE at this TCA-Na-level was 83% and 37%, which corre-
sponded to an increase in CO2-compensation concentration
(Γ) of 43% and 36% for Z. mays and P. vulgaris respective-
ly. Note that already at a TCA-Na-level of 0.8g m–2 marked
changes occurred in most gas-exchange parameters of both
species. In both species and especially in the case of Z.
mays, Ci increased with increase in TCA-Na-concentration
(data not shown) although stomatal conductance (Gs)
decreased and stomatal limitation of photosynthesis (l )
increased (data not shown). This fact as well as the data dis-
cussed above, point at TCA-Na-induced mesophyll limitation
(inhibition of the photochemical and/or enzymatic process-
es) of photosynthesis in both species, possibly due to a
decrease in supply of reducing power (Von Caemmerer and
Farquhar 1981, Farquhar and Sharkey 1982). This deduc-
tion is further supported by the fact that Jmax were reduced
by TCA-Na at all levels in Z. mays and above 0.2g m–2 in P.
vulgaris, indicating that the regeneration capacity of RuBP
was inhibited. On the other hand, as mentioned briefly
above, in both species increasing TCA-Na-concentrations
lead to a decrease in Gs (at the highest TCA-Na concentra-
tion: 81% and 61% for Z. mays and P. vulgaris, respective-
ly). Calculation of the percentage stomatal limitation (l ) from
the A:Ci curves according to Farquar and Sharkey (1982) for
the different TCA-Na-treatments, revealed an increase in l of
1 900% (Z. mays) and 41% (P. vulgaris) at the 3.2g TCA-Na
m–2-treatment. At the 0.8g m–2-treatment the corresponding
values already increased by 570% and 29% respectively.
This means that in addition to mesophyll limitation, TCA-
induced stomatal limitation also plays a role in the inhibitory
effect of TCA on photosynthesis of both species, particularly
in Z. mays.
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Figure 1: A:Ci response curves of P. vulgaris (a) and Z. mays (b)
plants treated with different concentrations of TCA. The plotted val-
ues represent the mean of four replicates. The dotted lines indicate
the ambient CO2 concentration of 350µmol mol–1
DFABS = log(PIABS) = log
RC ϕPο ψο
ABS 1–ϕPο 1–ψο( (( )) )+ log + log
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In vitro Rubisco activity
The effect of TCA-treatment on initial Rubisco activity
(expressed on a total chlorophyll basis) in P. vulgaris and Z.
mays is illustrated in Figure 3. In both the control and TCA-
treated plants, initial Rubisco activity was consistently high-
er in P. vulgaris than in Z. mays. This finding was corrobo-
rated by Western blot analysis, which revealed a higher
steady-state Rubisco LSU-protein content in this species
(results not shown). Both species showed a marked sensi-
tivity towards TCA with respect to Rubisco activity. Even at
the lowest TCA-Na-concentration of 0.05g m–2, initial
Rubisco activity was decreased (P < 0.05) by between 18%
to 21% in both species. Up to a concentration of 0.8g TCA-
Na m–2 the inhibitory response in the two species was fairly
similar. At the highest concentration of 3.2g TCA-Na m–2,
however, initial Rubisco activity was decreased to a much
larger extent in Z. mays (73%, P < 0.01) than in P. vulgaris
(24%, P < 0.01). Western blot analysis indicated that TCA-
Na-treatment did not induce any significant reduction in
steady-state Rubisco LSU-protein content in the two species
(results not shown). The decrease in initial Rubisco activity,
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Figure 2: Effect of different concentrations of TCA applied to the
soil of potted P. vulgaris (C3) (closed circles) and Z. mays (C4) (open
circles) on various parameters of photosynthetic gas exchange
namely (a) CO2 assimilation rate at Ca = 350µmol mol–1, (b) stom-
atal conductance at Ca = 350µmol mol–1, (c) carboxylation efficien-
cy and (d) CO2 compensation concentration. Each datapoint repre-
sents the mean of four replicates ± SE
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Figure 3: Effect of different TCA concentrations applied to the soil
on the in vitro Rubisco activity in leaves of P. vulgaris (C3) and Z.
mays (C4) plants. Each data-point represents the mean of six repli-
cates ± SE
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without any significant decrease in steady state Rubisco pro-
tein content, suggests a TCA-Na-mediated decrease in the
activation state of the enzyme, particularly in Z. mays. The
inhibition in initial Rubisco activity might largely explain the
TCA-Na-induced decrease in CE that was measured in both
species.
A decrease in Rubisco activation state could be an indirect
consequence of a TCA-mediated decrease in stomatal con-
ductance (lower availability of CO2 at the site of carboxyla-
tion) or because of direct effects of TCA on enzyme regula-
tion itself. It is important to note that the decrease in initial
Rubisco activity and stomatal conductance did not show the
same TCA-Na-dose dependency. Whereas initial Rubisco
activity already decreased at the lowest TCA-Na-concentra-
tion in both species, stomatal conductance only decreased
significantly at a TCA-Na-concentration of 0.8g m–2 or high-
er. This finding suggests that the decrease in Rubisco acti-
vation state is a direct consequence of TCA on enzyme reg-
ulation and not mediated through a decrease in stomatal
conductance. Inhibition of Rubisco activity by TCA will result
in a slower rate of CO2 draw-down into the chloroplast, with
a concomitant increase in Ci, which will ultimately act as a
trigger for stomatal closure. Taken together, our results
regarding Rubisco activity provides further support for the
presence of severe mesophyll limitation of photosynthesis.
Chlorophyll a fluorescence kinetics
The behaviour of the photosynthetic apparatus of P. vulgaris
and Z. mays upon TCA-Na-treatment was followed by the
analysis of the recorded fluorescence transients according
to the JIP-test. The average fast fluorescence transients pre-
sented on a logarithmic scale and normalised on 50µs (F0)
and 2ms (FJ) of P. vulgaris (Figure 4a) and Z. mays (Figure
4b) treated with different TCA-concentrations, indicate that
the major effect of TCA occurred in the multiple turn-over
events of PSII function, i.e. in the transition J (2ms) to P
(~700ms). The transition from O to J reflects mainly photo-
chemical reactions leading to the reduction of the electron
acceptor QA, while the further transient J to P is strongly
affected by the subsequent dark reactions in the electron
transport chain (Strasser et al. 1999). Note that the TCA-
induced deviations are larger in the case of Z. mays. The
transients also indicate stimulation of PSII-activity at the low-
est and up to the second lowest TCA-levels in Z. mays and
P. vulgaris respectively. Figure 5 depicts the fractional reduc-
tion of the active RCs per excited cross section, along with
the fractional changes in the specific (per RC) and phenom-
enological (per CS) energy fluxes through PSII, namely
ABS/RC, TR0/RC, ET0/RC, ABS/CS, TR0/CS, ET0/CS as well
as the quantum efficiency of primary photochemistry (ϕp0 =
FV/FM), as influenced by different TCA-Na-concentrations.
The first important point to make is, as was revealed by
the gas exchange and Rubisco activity data, that photosyn-
thesis in Z. mays was inhibited more severely than in P. vul-
garis. In both species, ET0/CS (Figure 5a and 5b) was much
more affected than TR0/CS and thus also ϕPo, due to the
large changes in the efficiency with which trapped excitons
can move further than QA– in the electron transport chain
(ψ0) (Figure 5c) [Note that ET0/CS = TR0/CS • ψ0]. At the 3.2g
TCA-Na m–2-treatment the decrease (P < 0.01) in ψ0 was
26% and 19% for Z. mays and P. vulgaris, respectively. It is
important to note that ET0/CS (Figure 5b) and also ψ0
(Figure 5c), increased relative to the control at the lowest
(0.05g TCA-Na m–2) TCA-Na-treatment. This observation
corresponded to the CO2-assimilation data for P. vulgaris
(see Figure 1) and the visual observation that both P. vul-
garis and Z. mays treated with this concentration of TCA-Na,
grew slightly more vigorously than the control plants. Our
data thus corroborates the early finding of Barrens and
Hummer (1951) and Zöttl (1953) that very low concentra-
tions of TCA caused accelerated growth, which suggested
that TCA has plant hormonal (auxin) properties at very low
concentrations. With increasing TCA-Na-concentrations,
ET0/CS was increasingly inhibited, especially in Z. mays
(Figure 5b). With increasing TCA-Na-concentrations, both
species showed an increase in apparent antenna size
(increase in ABS/RC) (Figure 5a and 5b), which indicates
that a fraction of the RCs was inactivated (Krüger et al.
1997). Also illustrated by the latter figure is the fact that for
Figure 4: Average polyphasic fast fluorescent transients on a loga-
rithmic time scale, normalised on F0 and FJ (2ms) of the plants treat-
ed with different TCA-concentrations, illustrating that the major
effect of TCA occurred in the multiple turnover events of PSII func-
tion, i.e. in the transition J (2ms) to P (~700ms). The transition from
O to J reflects mainly photochemical reactions leading to the reduc-
tion of the electron acceptor QA–, while the further transient J to P
(the fluorescence maximum) is strongly affected by the subsequent
dark reactions in the electron transport chain (Strasser et al. 1999).
The transients represent the average of 30 measurements of each
treatment
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both species, and especially in Z. mays, increasing TCA-
concentrations lead to a decrease in the density of active
PSII reaction centres (RC/CS). This ‘switching off’ of a frac-
tion of RCs was compensated for by an increase in the spe-
cific trapping flux (TR0/RC) as well as apparent antenna size
(ABS/RC), leading to only a very moderate decrease in ϕPo
(FV/FM). This phenomenon illustrates the power of the JIP-
test, which deconvolutes the behaviour of PSII into several
functional and structural parameters, to quantify the behav-
iour of plants upon environmental stress. The results pre-
sented in Figure 5 suggest that the primary processes of
photosynthesis are regulated at the level of the reaction cen-
tre (RC/CS; inactivation or ‘switching-off’), the level of exci-
tation energy trapping (TR0/RC) and the level of transforma-
tion of trapped excitation energy to energy of reducing
equivalents (ET0/TR = ψ0) (Krüger et al. 1997, Van Heerden
et al. 2003). The change in the performance index (PIABS),
which is a multi-parametric expression taking into consider-
ation the independent parameters of absorption (chlorophyll
concentration), the quantum efficiency of trapping and the
probability of the conversion of trapped excitation energy to
electron transport, illustrates the differential effect of TCA on
P. vulgaris and Z. mays (Figure 6), showing that the latter is
more severely affected. At the highest TCA-Na-level admin-
istered, the decrease in PIABS was 51% (P < 0.01) for P. vul-
garis opposed to 69% (P < 0.01) for Z. mays. The contribu-
tion of the regulatory steps is visualised by Figure 7 showing
the TCA-induced changes in the total driving force (DF), as
well as in the constituent partial driving forces namely, log
RC/ABS, log ϕPo/(1 – ϕPo) and log ψ0/(1 – ψ0). Figure 7 is
based on the following equation (for the conceptual
approach and derivation of the equation see Strasser et al.
1999 and Van Heerden et al. 2003):
DF = log(PIABS) = log RC/ABS + log ϕPo/(1 – ϕPo) + log
ψ0/(1 – ψ0)
Both plant species showed similar patterns with regard to
the effect of the different TCA-concentrations. The partial
driving force affected most was the conversion of trapped
excitation energy to electron transport beyond QA, namely
log ψ0/(1 – ψ0). The decrease in this parameter was 29% for
P. vulgaris and 44% for Z. mays at the highest TCA-Na-level
used. This finding is in accordance with the TCA-induced
changes in the fluorescence transients depicted by Figure 4.
Note that an increase of c. 10% (P. vulgaris) and c. 30% (Z.
mays) in this parameter occurred at the lowest TCA-Na-level
used, indicating that the stimulatory effect of TCA-Na at low
concentrations, similar to the inhibitory effect at higher con-
centrations, is partly connected to conversion of trapped
excitation energy to electron transport by PSII. Our data thus
corroborates the results of the in vitro experiment of
Govindjee et al. (1997) using thylakoid membranes indicat-
ing that TCA inhibits electron flow between QA and QB(QB–).
Conclusion
Although both of the species investigated were affected by
TCA-Na-treatment, Zea mays (C4) was more severely affect-
ed than Phaseolus vulgaris (C3). This was evident from the
photosynthetic gas-exchange data as well as Rubisco activ-
ity, pointing to mesophyll as well as stomatal limitation of
photosynthesis, and a decrease in the activation state of rel-
evant enzymes. Even though Z. mays was affected more
than P. vulgaris, higher levels of TCA caused severe inhibi-
tion in both species. Visual observations and chlorophyll a
fluorescence data showed an initial stimulation in growth
and PSII activity in both species, and P. vulgaris in particu-
lar, but not at higher TCA-Na-concentrations. Again, as cor-
roborated by the previous data, higher levels of TCA-Na had
2
2
2
2
2
$2
$2
(.,( 	!
	!3
	! 



!


!

!
2
2
2
2
2
$2
$2
(.,( 	!
	!3
	! 



!


!

!
	

	
	

	
	!	
	!
	!	
	!
	!	
	!
	!		 	!	 	!	 	! 	 !	
"


)


"
	!		
	!	
	!	
	! 	
!	
Figure 5: Spider plots visualising the fractional reduction of the
active RCs per excited cross section, along with the fractional
changes in the specific (per RC) and phenomenological (per CS)
energy fluxes through PSII (a and b), as well as the efficiency with
which a trapped exciton can move electrons further than QA– in the
electron transport chain (ψo) (c), as influenced by different TCA-con-
centrations
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a more severe effect on Z. mays, influencing electron trans-
port in particular. The difference in response between P. vul-
garis and Z. mays is most probably due to the large mor-
phological and biochemical differences between C3 and C4
plants.
The stimulatory effect of TCA could have a negative influ-
ence on ecosystems, if certain species growth is enhanced
as a result of exposure to low levels of pollution by TCA.
The data presented proves that TCA has serious implica-
tions for crop production and particularly the monocotyledo-
nous crops. An increase in the emission of C2-CHCs by
industry and veld-fire catastrophes pose a threat to agricul-
tural production and its ability to keep pace with the growing
food demand for the rapidly expanding populations of south-
ern Africa.
The results of this investigation not only provide data
about the physiological and biochemical basis of the
inhibitory effect of TCA on crop plants, but also provide infor-
mation to indicate an area of risk, which may stimulate
efforts to develop pollution abatement strategies in respect
to C2-CHC-air pollution.
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